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ABSTRACT 

The increasing use of broadband, pulse-echo ultrasonics in nondestruc- 
tive evaluation of flaws and material properties has generated a need for 
improved understanding of the way signals are modified by coupled and bonded 
thin-la) t interfaces associated with transducers. This understanding is 
most impc ;ant when using frequency spectrum analyses for characterizing 
material properties. In this type of application, signals emanating from 
material specimens can be strongly influenced by coup 1 ant and bond-layers in 
the acoustic path. Computer sythesized waveforms were used to simulate a 
range of interface conditions encountered in ultrasonic transducer systems 
operating in the 20- to 80-MHz regime. The adverse effects of thin-layer 
multiple reflections associated with various acoustic impedance conditions 
are demonstrated. The information presented is relevant to ultrasonic 
transducer design, specimen preparation, and couplant selection. 


INTRODUCTION 

Ultrasonics for flaw detection and materials characterization is a 
significant area ir. nondestructive evaluation (NDE) technology (refs. 1-5). 
The methodology usually involves broadband transducers in contact with sur- 
faces of test specimens. When frequency spectrum analysis is used for char- 
acterizing flaws and material properties, the results can be strongly in- 
fluenced by couplant and bond-layers associated with the transducer 
(ref. 1). These thin bond layers and also interconnecting cables can sig- 
nificantly alter the frequency spectra of high-frequency, broadband signals 
such as those used in making ultrasonic attenuation measurements (refs. 2, 

4, 5). For example, spectrum distortions can arise from interference 
effects due to multiple reflejtions in thin bond layers. In the case of 
couplant layers the magnitudp of the pressure applied to the ultrasonic 
probe determines the resultant couplant thickness. Couplant thickness is an 
important factor in determining the character e>)d acceptability of the sig- 
nals from a material (refs. 1, 5, 6). The magnitude and nature of signal 
distortions caused by bond-layer and couplant tiilckness variations and their 
related acoustic impedance effects are oftentimes ignored and inadequately 
understood. 

This report treats the effects of thin couplant and bond-layers asso- 
ciated with transducers. Computer simulation methods are used to illustrate 
the way signals emanating from material specimens can be distorted by thin 
layers in the acoustic path. Examples are given to demonstrate the adverse 
effects of thin layers and also coaxial cables. In addition, conditions 


under which satisfactory results can be obtained are presented. Ihis paper 
is believed to be the first attempt to give a systematic account of thin- 
layer effects as a function of layer thickness and acoustic impedance rela- 
tive to adjacent materials. The information presented herein is relevant to 
broadband transducer construction, specimen preparation, and couplant and 
bond selection and can be an aid in recognizing unacceptable waveforms aris- 
ing from signal distortions. 


APPROACH 

The key parameters examined are couplant and bond-layer thickness var- 
iations and acoustic impedances of materials commonly occurring in contact 
ultrasonic involving broadband, buffered probes (refs. ’d-b). The frequency 
range considered is from approx lately 20 to 80 MHz, centered at 50 MHz. 
This range is important in the ultrasonic characterization of the mechanical 
properties of a variety of materials, it is also a range in which the ad- 
verse effects of thin layers become significant. The associated layer 
thickness are from zero to 50 um which correspond to the wavelengths in- 
volved. 

The experimental difficulty of actually varying layer thickness at 
uniformly spaced intervals from 0 to 50 »jm for a number of material com- 
binations is avoided by use of a computer simulation technique. Using this 
approach, mathematically synthesized waveforms are analyzed by means of a 
high-speed digital computer and array processing algorithms. The physical 
acoustics are straightforward, based on the premise of plane elastic waves. 
The results can be shown to be in excellent agreement with effects that can 
be observed by direct experimentation, as discussed later. 

The transducer-specimen configuration illustrated in figure 1 is taken 
as a model (refs. 7, 8). As indicated in the figure, the principal material 
components are an absorber, a piezoelectric element, a buffer, bond layers, 
a couplant, and the test specimen. The analysis is restricted to considera- 
tion of a broadband, ultrasonic pulse signal moving from the specimen into 
the piezoelement and thence into the adsorber. The buffer serves primarily 
as a delay line that isolates the piezoelement and specimen. The purpose of 
the adsorber is to prevent reentry of signals into the piezoelement. 

Although the analysis herein treats acoustical reverberations in thin 
layers, the results are analogous to electronic reflections in coaxial 
cables used to couple the transducer to a receiver network, as discussed 
later. In all cases herein, the actual ultrasonic waves in the materials 
are depicted and referred to in terms of their electrical signal analogs, 
such as those emitted by the piezoelement in response to a transient pres- 
sure wave. 


GOVERNING EQUATIONS 

A series of configurations, each involving three materials, are treated 
in accordance with the schedule given in table 1. In each case, the central 
material is the thin layer of bond or couplant. Transmission of ultrasonic 
signals through the thin layer is analyzed by using the conventions illus- 
trated schematically in f^'jure 2. As shown in the figure, signal progres- 
sion is from material [-3 through [2} into [ij. (The wave vectors are nor- 
mal to the interfaces, not oblique as shown for schematic purposes.) 
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In general, the acoustic Impedances of the three materials will differ 
and hence give rise to the Indicated multiple reflections within the thin 
layer. The signal, E, that emerges in material LU will tend to be an un- 
resolved composite formed by superposition of the successive thin-layer re- 
flections Eq through E|^. Once formed, E is unresolvable into its 
components unless the layer thickness exceeds the mean wavelength of the 
source signal, S. The spectrum of E will differ from that of S by vary- 
ing degrees depending on layer thickness, acoustic impedances, and attenua- 
tion in the layer. 

The transmission, T, and reflection, R, coefficients for the interfaces 
[Ij - L^3 and £2] - [3] are given in terms of the acoustic impedances, Z, 
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Eq == ST 3 ^T^^ expl-At) 

=* ‘'o‘^a'^33 exp(-ZAt) 

= Eo'^af^23 exp(-4At) 
exp(-;^NAt) 

Each successive signal lags the preceding one by the layer "round trip" 
delay time, d, where d = 3t/v, and v is the velocity in the layer. The 
composite signal E is formed by summing time-domain amplitude waveforms, 
each displaced by the parenthetically indicated delay: 

t = Eq + E3(-d) + E^(-2d) + ... Ej^(-Nd) (b) 

This type or Summation is readily accomplished by computer processing of 
waveform arrays. 

In the special case where the acoustic impedance of the layer equals or 
closely approximates that of one contiguous material (i.e., Zv s Zh or 

Z2 s Zi). 
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L B i>l^^ fc>xp(-At) (/) 

where * li)- As layer thickoess approaches zero, h > Slji. 


WAVLFORM i»YNTlibSiS 

The starting waveform, S, is synthesized from ideal amplitude and phase 
spectra. The procedure is illustratad in figure 3. To assure that the syn- 
thesized waveform is authentic, an actual signal is acquired, digitized, and 
analyzed in polur form by Fourier transformation. By using the real waveform 
as a model, classical Baussian amplitude and linear phase spectra are 
created. Inverse Fourier transformation is used to synthesized a source 
wav/eform, S. This procedure assures that any subsequent distortions become 
evident upon inspection of the composite waveform, t. The synthetic wave- 
form, S, is normalized to 1 volt (minimum to maximum) and thereafter used as 
a standard source signal for a particular center frequency and bandwidth. 

Computer processing of S proceeds with the creation of waveform 
arrays for tg through in accordance with the preceding equa- 
tions. Economization of computer time requires selection of the smallest 
permissible number, N, of thin-layer reflections consistent with simulation 
of actual conditions. Selection of N « 10 is satisfactory for the range of 
materials and conditions investigated herein. This follows from the fact 
that the amplitude of each successive reflection is diminished exponentially 
according to the attenuation coefficient of the layer material. 

The output composite waveform, t, is synthesized by array addition of 
corresponding time-domain elements of Eg through E(^. This corre- 
sponds to matrix addition of amplitudes of the N pressure wave compo- 
nents. The composite waveform, E, is subsequently Fourier transformed into 
polar amplitude and phase spectra and the results are exhibited graphically, 
as explained in the next section. 


RESULTS 

The results presented are restricted to a few key material combinations 
that illustrate pivotal conditions. These materials and acoustical proper- 
ties are listed in table H. The graphical results and associated data are 
organized and presented in the order indicated in table I, in seven sets of 
figures, figures 4 to 10. The first figure in each set summarizes the data 
associated with the remaining figures. The remaining figures in each set 
appear in order of increasing layer thickness and show variations in the 
composite waveform, E, and its amplitude spectrum as layer thickness in- 
creases from zero to 40 uni. For all the material combinations examined, the 

phase spectra remain linear, with no significant change in slope, and ex- 

hibit no interesting features with increasing layer thickness. Phase spec- 
tra are therefore omitted. 

In figures 4 to 10, the OUT/ IN amplitude gives the current value of the 

ratio E/S for each thickness. The RMS (root mean square) energy level is 

the ratio of the current energy of E relative to its initial value at zero 
thickness. The variation of the RMS energy level with layer thickness is 
shown in the summary graphs at the beginning of each set of figures. Spec- 
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trai skewing is a measure of signal distortion and is computed as percent 
displacement of the current peak frequency from the nominal (i.e. , original) 
peak frequency associated with the undistorted waveform at zero thickness. 
The dashed curve in the amplitude spectrum graph is included to show the 
amount of spectrum distortion that accompanies increasing layer thicknesses. 


UlSLUSSiON 

For material combinations having poorly matched acoustic impedances, 
the least energy transfer (i.e., minimum RMS energy for the composite sig- 
nal E) occurs at layer thicknesses of 1/4 wavelength (figs. 4(a), 7(a), and 
9(a)). Under this condition destructive interference prevails. A secondary 
maximum follows at layer thicknesses of 1/2 wavelength because of construc- 
tive interference. The relative normalized RMS energy levels of these 
minima and maxima are identical irrespective of the source-signal center 
frequency. For example, at 20 MHz center frequency, RMS curves are similar 
to those in figure 4(a) except that they "stretch" to the right, i.e., the 
1/4 wavelength minima occur further to the right and initial negative slopes 
are less. 

The adverse effects of multiple reflections in thin layers become ap- 
parent by comparing amplitude spectra shown in figures 4, 7, and 9 for 1/2 
wavelength layers. For example, figures 4(h), 7(i), and 9(i) illustrate a 
classical reduction in spectral bandwidth as the result of a "ringing" 
layer. These figures contrast sharply with the virtually undisturbed broad- 
band spectra obtained with impedance matching (figs, b, 6 , 8 , and 10 , 
e.g.). Figures 4, 7, and 9 also illustrate that although RMS energy reduc- 
tion with increasing layer thickness may appear tolerable, the associated 
spectral distortions can be quite unacceptable. Certainly, any procedure 
that relies on s>jectrum analysis must at least take account of such distor- 
tions and avoid them, if possible. 

When different materials are combined, there are practical limitations 
on the ability to control acoustic impedances. By way of compromise, an 
alternative to perfectly matched impedances would simply require, for exam- 
ple, that 


±1.^ < Zj or > Zm >. Zj 

wherein the layer acoustic impedance lies between that of contiguous mate- 
rials; see figures b, 6 , 8 , and 10 . in these cases, there is a much smaller 
loss of signal strength due tj reverberations: the RMS level of E drops 

by less than 5 percent as compared with ~50 percent (fig. 5(a) vs. fig. 

4(a)) as layer thickness approaches 1/2 wavelength. Moreover, inteference 
effects become insignificant relative to attenuation, as predicted by the 
previous equation for I 2 2 Zj^ or I 2 - Z 3 , equation (7). Energy 
loss due solely to attenuation is indicated by the dashed lines in the first 
graph of each set (figs. 4 to 10). Examination of figures 5(a), 6 (a), 8 (a), 
and 10 (a) indicates that for layers with intermediate impedances the compo- 
site signal will have only slight or no distortion because it is merely 
diminished by attenuation in the layer. 

Close attention to coupling conditions in contact ultrasonics has been 
urged by previous investigators (refs. 1, b, 6 ). Optimum coupling demands 
virtually perfect flatness for the buffer-specimen interface and the appli- 
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cation of substantial force to minimize the couplant layer, figure 4 shows 
that in the 20- to 60-MHz range couplant thickness should be less than ap- 
proximately 1 urn to avoid serious spectral distortions in the case of the 
typical materials: fused quartz, glycerine, and steel. This requirement is 
primarily a result of the acoustic mismatch of the glycerine with the con- 
tiguous materials. Among the practical alternatives to glycerine that are 
convenient and safe to use (water, oils, gels, silicones), none have acous- 
tic impedances that are significantly different. 

It is apparent in figure 5 that an ideal fluid couplant, fluid-X, would 
have an acoustic impedance close to that of the buffer material (e.g., glass 
or quartz). It would allow free movement of the transducer over the speci- 
men surface and would relax surface ^Ucness tolerances. Fluid-X also 
allows the couplant-layer thickness to exceed 10 urn without serious con- 
sequences on signal fidelity. Methylene iodide would qualify as fluid-X 
with an acrylic buffer; see figure 6. In cases where the very low attenua- 
tion and ruggedness of fused quartz are preferred, potential candidates for 
fluid-X are colloidal suspensions of submicrometer particles of metal, metal 
oxides, or ceramics. Gallium may be useful in restricted applications since 
it liquefies at '■30* C and readily wets glasses. 

The effect of couplant thickness variations shown for synthetic wave- 
forms in figures 4(b) to (1) can be readily verified by applying increasing 
force to a specimen held against a similar buffered transducer. The source 
signal can be the first echo from the free back surface of the specimen. As 
the pressure is increased and the couplant thickness diminishes, a sequence 
of waveforms on an oscilloscope will duplicate those appearing in the fig^ 
ures. If the buffer and specimen surfaces are sufficiently flat, and the 
couplant thickness is uniform to within i um, an essentially undistorted 
waveform will be observed, if the transducer itself is free of internal dis- 
torting layers. 

As indicated in figures 8 and lO, bond-layers (within the transducer) 
with intermediate impedances yield good signals over a thickness range of 
approximately 40 ym. These examples assume that the absorber and bond both 
consist of tungsten-loaded epoxy. The ideal situation would be to cast and 
cure the absorber material in place and thus avoid the bond-layer al- 
together. However, better properties are achieved if the absorber material 
is formed separately under high-pressure curing (ref. ?). The previous 
reference also suggests tailoring tungsten-loaded epoxy bond-layers that 
approach the acoustic Impedance of P2T piezoelements (see table 11). To 
satisfy broadband damping conditions, the bond-layer on either side of the 
piezoelement should have either slightly higher or slightly lower acoustic 
impedance (ref. y) . The results presented herein suggest that the bond- 
layer thickness is not critical under this condition, and therefore, it does 
not need to be held to a few micrometers. 

It can usually be assumed that the ultrasonic receiver, oscilloscope, 
and associated electronic networks amplify and reproduce signals emitted by 
the piezoelement in a consistent-manner. However, the coaxial cable that 
links the transducer to the electronic network can introduce severe distor- 
tions in the signal. In this case, the cable is analogous to a thin layer 
sustaining multiple reflections. Resultant waveform distortions can be 
shown to be identical to those appearing in figures 4, 7, and 9 as a result 
of thin-layer reverberations. For coaxial cables having lengths of approxi- 
mately 1 m, delay times are in excess of 3 nsec, and they are cf thv'? same 
order as delays in thin layers several micrometers thick. 
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fo assure undistorted signal transmission, there should be electrical 
impedance mate ing of the cable to both the transducer and electronic net- 
work. The impedance of the cable should match the bO-ohm terminations con- 
ventionally provided in ultrasonic systems. Nevertheless, additional fine 
ad-ustment may be required and can be provided by adding variable resistors 
at either end of the cable, as illustrated in figure il. A "damping' resis- 
tor for this purpose is usually shunted across the cable input connector in 
ultrasonic receivers. A variaole, auxiliary damping resistor built into the 
transducer housing, as in figure li, greatly enhances signal fidelity. The 
author has found this auxiliary impedance matching capability indispensible 
for correcting aberrations peculiar to commercial transducer assemblies. 
Impedance adjustments at both ends of the cable provide a means to compen- 
sate for the effects of electronic and acoustic reverberations. 

It is worth becomming familiar with the renegade waveforms shown in the 
examples given herein. Any waveform having pronounced asymmetry or excess 
ringdown oscillations should be suspect unless it is recovered from a mate- 
rial sample known to introduce distortions (as with coarse grains, lamina- 
tions, etc.). Illustrative examples of acceptable and unacceptable wave- 
forms produced by varying the auxiliary damping resistance, and hence the 
degree of cable impedance matching, appear in figure I'd. Any adjustment in 
coupling, bonding, ami cable impedance matching will, of course, change the 
"system" modulation transfer characteristic. However, these adjustments are 
discretionary and should be made for convenience in subsequent deconvolu- 
tions of signals recovered from specimen materials. 


CONiLUSiONS 

Computer synthesis was used to simulate thin couplant and bond-layer 
effects associated with broadband ultrasonic transducers. It was shown that 
these tiiin layers in the acoustic path can produce distortions in ultrasonic 
signals and that uhese distortions become apparent and serious in the fre- 
quency regime from approximately 20 to 80 MHz. Selected examples are given 
to illustrate the potentially adverse effects of thin layers and practical 
approaches to recognizing and minimizing these effects. The results support 
the following conclusions: 

1. When couplant or bond-layer acoustic impedances are significantly 
less than those of both of the contiguous materials joined (as with quartz, 
glycerine, and steel), the layer thickness should be less than i urn to avoid 
adverse signal distortion effects. This imposes a similar limitation on 
specimen surface flatness variations, which should be held to fractions of a 
micrometer in the transducer contact area. 

2. The preceding toleran'e limitation is removed when acoustic imped- 
ances of couplant or bond-layers are intermediate between those of the mate- 
rials joined, in this case, exact matching of the layer and contiguous 
material acoustic impedance is unnecessary, and the layer thickness can 
exceed several tens of micrometers. In the cases illustrated, the signal is 
merely diminished by attenuation in the layer while distortions are mini- 
mized or absent. 

3. Additional corrections to enhance signal fidelity can be made by 
inserting an auxiliary damping resistor in the transducer housing to comple- 
ment an input damping resistor in the receiver housing and thereby compen- 
sate for adverse reverberation effects introduced by cable or transducer 
impedance mismatch effects. 
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The use of computer-simulated experimentation Involving synthesized 
waveforms has clarified questions concerning multiple reverberation effects 
In thin layers. Additional work using this approach is recommended to study 
the effects of compound layers within transducers (relative to piezo- 
elements) and within material specimens (with lamellar microstructures) . 
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TABLE 1. - SCHEDULE OF MATERIAL CONFiUURATlONS ANALYZED FOR THIN-LAYER 


ENERGY TRANSFER AND MULTIPLE-REFLECTION EFFECTSa 


Principal 

variable^ 

Parametric 

relatione 

Material sequenced 

Results, 
figure - 

UJ 

m 

L3J 

Coup 1 ant 
thickness 

Zi > < Z3 

Buffer 

(quartz) 

Coup 1 ant 
(glycerine) 

Specimen 

(steel) 

4(a)-(l) 

h < Z2 < Z 3 

Buffer 

(quartz) 

Coup 1 ant 
(fluid-X) 

Specimen 

(steel) 

5(a)-(f) 

Zi < I 2 < Z3 

Buffer 

(acrylic) 

Couplant 

(M-iodide) 

Specimen 

(steel) 

6(a)-(f) 

Bond- layer 
thickness 

Zi > 29 < Z3 

Piezoelement 

(PZT) 

Bond 

(epoxy) 

Buffer 

(quartz) 

Z(a)-(1) 

Zl > Iz > Z3 

Piezoelement 

(PZT) 

Bond 

(W-epoxy) 

Buffer 

(quartz) 

H(a)-(f) 

Bond- layer 
thickness 

> Zi; < Z3 

Absorber 

(W-epoxy) 

Bond 

(epoxy) 

Piezoelement 

(PZT) 

y(a)-(i) 

Zl < I 2 <li 

Absorber 

(W-epoxy) 

Bond 

(W-epoxy) 

Piezoelement 

(PZT) 

10(a)-(f) 

j 


aResults cover nominal range from EG to BO MHz centered at 50 MHz. 
bThin-layer thickness ranges from zero to 40 mn at H-ufn steps. 

CAcoustic impedance, Z, is the pr <diict of density by (longitudinal) velocity. 
^Material properties and further identification appear in table II. 



TABLt II. “ StLblTliD MAThRlALS, AlUUSTIl PKOPbRUtS, ANU PUNtllONS 


Function 

Material^ 

Density,*^ 

g/cm-^ 

Velocity^ 

cm/Msec 

1 impedance^ 
g/cm'^usec 

Piezoelectric 

P2T i4 or b) 

7.U 

0.3y5 

3.0 

transduction 

element 

lead-zirconate 
riiobate ceramic 

(7.5-7./) 

(0.38-0.41) 

(Z.8-3.Z) 

Absorber, 

w-epoxy, 40 to 

a & iz 

O.zi 

Z.3 & z.b 

piezoelement 

backing 

50 percent 
tungsten powder 
in epoxy resin 

(TO-U) 

(0.17-0.Z4) 

\1. 7-3.1) 

Adhesive bond 

Epoxy resin 

i,a 

{, i i-l.i) 

O.Zb 

(0.Z4-0.Z8) 

U.3Z 

(0.Z8-0. 3b) 

Buffer, delay 

Fused quartz, 
quartz glass 

c.dO 

O.Byb 

(O.by-O.bO) 

1.31 

(1.30-1.31) 


Acrylic resin 

i.ib 

(O.Z67-O.Z7) 

(0. 315-0. 3iy) 

Louplant 

Glycerine 

I. Zb 

o.iyz 

0.Z4Z ' 


Methylene iodide 

3. JJ 

.oya 

.3Zb 


Water (ZO* l) 

i.OO 

.148 

.148 

Specimen 

Mild steel 

7. do 

O.byb 

4.88 

Stainless steel 

7./Z 

.by8 

4.bZ 


Managing steel 

8.03 

.bb 

4.4 


^Tabulation is limited to materials selected as representative for 
the purposes of this report in illustrating "hin-layer effects. 
^Property values not in parentheses are used for illustrative cases, 
parenthetical values are quoted to indicate actual range of variation. 
^Longitudinal (compressional) ultrasonic wave velocity. 

^Acoustic impedance, Z, equals product of density and velocity, 
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MATERIAL SEQUENCE 





TWIN U»VER D«RCY TRAMSPER INTERFERENCE EFFECTS AT 56 NNZ 


rwTERIAU STSTEM CCNSITY UELOCnV jrrCOFWCE 

gCOOENCE <C<'Cn*> <CN/US) (C/CN^US) 

C13 FIKEO 0UART2<*UFFER> 2,2 .5»5 

C23 avCERINE < COJfn.ANT > 1,26 .191 

C33 STEEL C8RECJMEH) 7.65 ,S»6 4 *766 

THIN UVER C23 ATTENUATION COEFFICIENT - *6 HP/'CH (AT 56 FWZ) 


COfPOSITE signal R«S ENERGY (SOLID CURUESJ S ATTENUATION (DOTTED CUR(C> 



(a) 



Cl 3 FUSED 0UART2 (BUFFER) C23 GLYCERINE (CDUPLANT) C33 STEEL (SRECIfCN) 


LAYER C23 THICKNESS • 6 HICRON 

mauelencths in layer • e 

AT NOMINAL FREOUENCY » 50 MH2 
LA'iTR delay - 0 HANOSEC 



LAYER C23 THIOOCSS ■ 2 MICRON 
MAUELENCTHS IN LAYER - 6520033 
AT NOMINAL FREOLENCY » 50 MHZ 
LAYER delay ■ 2 08333 NANOSEC 



OUT/ IN AMPLITUDE ■ .437237 
RMS ENERGY LEUEL - I 
PEAK FREOUENCY i« 50 MHZ 
SPECTRAL SmilNC ■ 0 !« 



(b) 


OUT/IN amplitude • .272153 
RMS ENERGY LEVEL • .SI 0224 
PEAK FREOUENCY ■ 48 fWZ 
SPECTRAL SKEWING » -4 K 



(c) 


Figure 4, - Degeneration of composite signal and its fre- 
quency spectrum as glycerine couplant layer thickness 
between quartz buffer and steel specimen increases from 
0 to 38 micron. Illustration of case where layer im- 
pedance is less than that of either contiguous material. 


of PMOfR 






CI3 fWSCP OU«TJ tiyfFER) M3 aVCCFIHt tCOU»UNT) 03 SUa (W^CIWN) 


IrtVCR M3 THICKNESS - |< MICRON 
k^te^MTHS IN (.AVER > 4I«C7 
AT HOMINAt FREOUENCV ■ M MHS 
LAYtR DELAY - iC 6667 NANQSCC 



OUT--IN fWLITUOC - ItSlMW 
RMS tNERCY LEVEL • 43 1 M? 
rear FRCOOCNCY • 3? fW! 
SRECTRAC SKSUINC •MX 



LAYER C23 THICKNESS - 20 MICRON 
k*HtLENCTHS IN LAYER • 520833 
AT NOMINAL FREOUCNCY ■ 30 f1H2 
LAVER DELAY • 20 8333 NANOSEC 


ouTviN amplitude * l*»0?4 

RMS ENERGY LEVEL - 490107 
PEAK PREOVENCY ■ 4# (*C! 
SPECTRAL SKENING --MX 




laves C23 THICKNESS ■ 24 MICRON 
NAVElENCTHS in LAT-ER . E23 

AT NOMINAL FREQUENCY • SO MH2 
LAVER DELAY • 23 NANOSEC 


OUT/IN AMPLITUDE » 1430S8 

RMS ENERGY LEUEL - 564274 

PEAK FREQUENCY - 42 MK2 
SPECTRAL SKEWING - -16 V 


lE-3 U 
600 1 
400 

200 H 

0 


COMPOSITE SIGNAL 




•• 120 IM 2M 

NANOOCCONDS 



Figure 4. - ContiAued. 


C13 FUSCO Oy<«TJ {BUFFER) C23 CI.VCCRINE tCOUPLRNT) C33 STEEL (SPECIMEN) 


LOVER «a3 THICKNESS • 4 HICRON 
Mi»UELENCTMS IN LOVER • 1*4 1ST 
AT NOflINOL FREPUENCV • S« MH2 
LOVER OCLOV ■ 4 ifSS? HONOSEC 



LOVER C23 THICKNESS • « MICRON 
WOUELENCTHS IN LOVER - ,15525 
OT NOMINAL FREOUENCV ■ 50 MH2 
LOVER DELOV • 6 25 NONOSEC 


OOT/IN OMPLITUOE - 1TS061 
RMS EtaRCV LCUEL " 572SU 
PEAK FRJiPUENCV • 4J HH2 
EPECTiWJ SKCUINC m -2 a 



OUTvIN OM»LITLOE » .141045 
RtlS EHERCV LEUEL - ,505478 
PEAK FREOUENCV ■ 50 MH2 
SPECTRAL SKEUINC ■OK 



LOVER C23 THICKNESS • 10 MICRON 
HOUElENCTHS in lover - 250417 
AT NOMINAL FREOUENCV ■ 50 MH2 
LAVER OCLOV • 10 4167 NONOSEC 




OUT-'IN AMPLITUDE » 116843 

RMS EHERCV LEUEL - ,249675 
PEAK FREOUENCV - 51 f«2 
SPECTRAL SKEUINC ■ 2 K 

lE-9 US 
10 - 

• - 

s - 

4 - 
2 - 

(f) 



Figure 4. 


Continued. 


03 FUSED OOflRTZ (BUFFER) C23 CLVCSRINE (COUPUANT) C33 STEa (6PECIWN) 


LAVER C23 THICKNESS « 30 HICRON 
HAUELEHCTHS IN LAYER • ?8125 
AT NCmiNAL FREOUENCV • 90 MHZ 
LAYER DELAY • 31 29 HANOSEC 



LAYER C23 THICKNESS • 34 MICRON 
HA'JELENCTHS in layer ■ 605416 
AT NOMINAL FREOUENCV » 90 MHZ 
LAYER DELAY « 39 4167 )MN05CC 


OUT/IN amplitude • 136343 

RMS ENERGY LEUCL ■ ,31467 
PEAK FREOUENCV ■ 62 MHZ 
SPECTRAL SKEUINC - 24 ‘4 



OUT/IN AMPLITUDE ■ .136162 
RMS ENERGY LEUEL <• 341745 

PEAK FREQUENCY « 9<i It(2 
SPECTRAL SKEUINC > 12 7, 


1E-3U 



COMPOSITE SIGNAL 




Tio i^e ^ 

14ANDSCC0HDS 


— I — 
60 



LAYER C23 THICKNESS • 30 MICRON 
WAUELENCTHS IN LAVER ■ 909583 

AT NOMINAL FREOUENCV « 50 MHZ 
LAYER DELAY - 39 5833 NANOEEC 

lE-3 U 



OUT/IN amplitude ■ .134407 
RMS ENERGY LEUEL - ,341605 
PEAK FREQUENCY • 90 MHZ 
SPECTRAL SKEWING -OH 

lE-f US 



Figure 4, 


Concluded, 


THJH LftYER EWERCV TRWtFER ftNO INTER^ERtNCE ERrECTS RT 9« flHZ 


MATERIAL SYSTEM 

DENSITY 

UELOCITY 

IMPIDAHCE 

SEQUENCE 

(CyCm”) 

(CM, 'US) 

(C/cn*us) 

C13 FUSED OUARTZ (BUFFER) 

2 2 

9VS 

I 309 

C23 FLUID-X CCOUPLAHT) 

3 

.3 


E33 STEEL (SPECIMEN) 

7.RS 

9K 

4 E7B6 

THIN LAYER C23 AHORJATIOH CDCFFICIINT 

• SO HP/CM (AT 

SO MHZ) 


CWOSITC Sicm. W1S CfCRCr <»Ol.SD CURUCS) i flTTEHOnTtON (DOTTIO CWI4i> 




(a) 


FU5ED OUARTZ (DUFFER) C23 FUUIO-X (COUPLANT) C33 STEEL (IFECJMEN) 


C13 

LfiVER C23 -miCKNESS • 0 MICRON 
UAUELEHCTHS in layer • 0 
AT HOniNAt FREaUENCY • 30 fiHg 
LAYER DELAY • 0 NANOSEC 



LAYER C23 THICKNESS « Z MICRON 
UAUELENCTKS IN LAYER - 02 
AT NOMINAL FREOUENCY - SO MHZ 
LAYER DELAY • .0 N««3S£C 


OUT-'IN AMPLITUDE - ,437237 
RMS ENERGY LEUEL » I 
PEAK FREOUENCY - 50 MnZ 
SPECTRAL SKEUINC ■OK 



DUTY IN amplitude » ,433915 
RMS ENERGY LEUEL » .992232 
PEAK FREQUENCY » SO MHZ 
SPECTRAL SKEWING -OK 




Figure 5. - Variation of composite signal and its fre- 
quency spectrum as eouplant layer thickness between 
quartz buffer and steel specimen increases from 0 to 
30 micron. Illustration of case where layer impedance 
is intermediate between that of contiguous materials. 


C13 FUSCO Qy<«T2 (DUFFER) C23 FUUID-X (COOPUflNT) C33 STEEU dFECinCN) 


U»yCR C23 THJCK)CSS “ ID MICRON 
WAVaEHSTKS IN LOVER ■ I 
AT NOMINAL FRCOUENCV • 90 MHZ 
LAYER DELAY - * NANOSEC 


OOT^IN amplitude ■ 4Z9«9 
RMS ENERGY LEUEL • »7356 
PEAR FPUtOUEHCY • 90 mz 
SPECTRAL SXEUINC > 0 M 



LAYER C23 THICKfCSS • 20 MICRON 
HAUELENCTHS IN LAYER ■ Z 
AT NOMINAL FREOJENCV ■ 90 MHZ 
LA'tER DELAY • B NANOSEC 



OUT/IN AMPLITUDE « 41BZ19 
RMS ENERGY LEUEL • >95808 
PEAR FREQUENCY - SO MHZ 
spectral SKEUIHG - 0 m 



LAYER C23 THICKNESS • 30 MICRON 
WaUElENCTHS in layer • 3 
AT NOMINAL FREQUENCY • 50 MHZ 
LAYER DELAY - 12 NANOSEC 




OUT/IN amplitude ■ .396808 
RMS ENERGY LEVEL ■ .907319 
PEAK FREQUENCY •< 59 MHZ 
SPECTRAL SKEWING -OK 



Fi()ure 5. - 


Concluded. 


THIN LAYER ENERGY TRANSFER 

ANO INTERFERENCE 

EFFECTS AT 9# MKZ 


MATERIAL SYSTEM 

DENSirV 

UCLOCITY 

IMPEDANCE 

SEQUENCE 

<C/CM*> 

(CrirUS) 

((L'CtAjS) 

E13 ACRYLIC <SOFFER> 

1 Ifi 

27 

.3IK 

C23 M-IOOIOE (COUPLANT) 

3 33 

096 

32C34 

E33 STEEL (SPECIMEN) 

7.09 

39S 

4 S7M 

THIN LAYER E23 ATTENUATION COEFFICIENT 

■ «6 HPrCM <AT 96 MH7.) 


COrrOSITE SiOM. Rnt ocitcy <UUD cumss) 1 ATTCHMTiON (oonco cumc) 



(a) 



C13 flCRVLlC <BOFFER) C23 flETHYLENE lOOIDE <COt/RLftKT> C33 STEEL (SRECtHEN) 


LAYER C23 THICXNESS - 0 MICRON 
UALELENCTHS IN LAYER » 0 
AT NOniMAL FREOUEHCV « 90 fWZ 
LAYER DELAY ■ t NANOSEC 



OUT^IN AMPLITUDE » .127311 
RMS ENERGY LEUEL • 1 
PEAK PREOOEHCY « 90 MH2 
SPECTRAL SKEUIHC • 0 X 



LAYER C23 THICKNESS • 2 MICRON 
UAWELENCTNS IN LAYER ■ .102041 
AT NOMINAL FREQUENCY » 30 MKZ 
layer delay > 4.M1C3 »MHOS£C 



OUT-'IN AMPLITUDE « ,I2S8S9 
RMS energy LEUEL - .P9SO03 
PEAK FREOUEHCY - 90 MHZ 
SPECTRAL SKEUIHS -OK 



Figure 6, - Variation of composite signal and its fre- 
quency spectrum as coup! ant layer thickness between 
acrylic buffer and steel specimen increases from 0 
to 30 micron. Illustration of case where layer im- 
pedance is intermediate between that of contiguous 
materials . 








tI3 ACRYLIC C23 hCTMYLDC 

LAYER C23 THICKNESS - 10 MICRON 
HALCLEHC’HS in LAVER ■ .910204 
AT NOMINAL rREOUENCY ■ 9# MH2 

Layer delay • ze 4002 hanoscc 



LAYER C23 THICKNESS ■ 20 MICRON 
UALELENCTHS in layer » 1.02041 
AT NOMINAL EREQLICNCV ■ 90 MHZ 
LAVER DELAY - 40 0163 NANOSEC 



LAVER C23 THICKNESS ■ 30 MICRON 
UALELENCTHS IN LAYER - 1.93061 
AT NOMINAL RREQUENCY ■ 90 MHZ 
LAYER DELAY ■ 61.2249 NANOSEC 



Figure 6 


IODIDE (COUPLAHT) C33 STEEL (SPtCIMEHl 

OUTrlN AMPLITUDE • 12l#« 

NnS ENERCY LCUa « .046030 
PEW FREOOCNCY ■ 90 MHZ 
SPECTRAL SaWINS ■ S' K 



(d) 


OUT/IH AMPLITUDE ■ .114260 
RMS ENERGY LEVEL ■ .099563 
PEAK FREQUENCY ■ 90 MKZ 
SPECTRAL SKEWING • 0 K 



(e) 


OUT/IN AMPLITUDE ■ .107610 
RMS ENERGY LEUa ■ ,043904 
PEAK FREQUENCY • 90 f»« 
SPECTRAL OKEUING > 0 K 



Concluded. 


THIH UrO» (ENCirer TR(W$^E* and IHTMrEittNM EJ^riCTS At 9* «K2 


MATERIAL SYSTEM 

DEHIITY 

VELOCITY 

IMPEDANCE 

SEQUENCE 

(C-'CM*) 

<CM''US> 

<6<'CM*US> 

E13 P2T IPieSOELEMeHT) 

r t 

3FS 

3 S«2 

C23 epoxy (too 

1 22 

2£ 

3172 

C33 FUSED QUARTZ < SUFFER) 

2 2 

-B»S 

1 3«9 

THIH LAWR £23 ATTENUATION COEFFICIENT 

• 2* MP/CM (AT 

SO MHZ) 



C13 P2T <PlE20eLEnENT> C23 EPOHV <iOND> C33 FUSED OUART2 <»JFFEfi) 


LAYER C23 THICKNESS • B MICRON 

uauelehcths in Layer • q 

AT HOflIHAL FRECLCNCy ■ SO W2 
LAYER DELAY • 0 NANCSEC 


OUT/IN amplitude • I-3S2T2 
RMS ENERGY LEVEL « I 
PEAK FREOUENCY - SO MH2 
SPECTRAL SKCUINC -OK 




(b) 


LAYER C23 THICKICSS ■ 2 MICRON 
UaUELENCTHS in layer - .e3046IS 
AT NOMINAL FREOUENCY " SO MH2 
LAYER DELAY ■ 1 33040 NAHOSCC 


OUT/IN AMPLITUDE ■ 1 15028 
RMS ENERGY LEVEL - ,828288 
PEAK FREQUENCY « 4S MHZ 
SPECTRAL OKSHINC ■ -2 K 




Figure 7. - Degeneration of composite signal and its fre- 
quency spectrum as bond layer thickness between PZT 
piezoelement and quartz buffer increases from 0 to 38 
micron. Illustration of case where layer impedance is 
less than that of either contiguous material. 

QH5Q1NAL PAGE IS 
:|? POOR QUALITY 


9 


f 




C»3 P?*" {PIKOClEMENT) C23 IPOXr <80N0> C33 PUSEO W(«rE (H/FFtlO 


UVEH caa THICKNESS « 4 MICRON 
MOaENGTHS IN LATER • S7SS23I 
AT HOnlNlAJ, FREOUENCT • 90 MHZ 
LAVER OCLAY ■ 3 eT«?2 WAHOSCC 



LAVER C23 THICKhCSS - 6 MICRON 
MAgeUHCTHS IN LAVER » 119305 
AT NOMINAL FREOUEHCV • 90 MHZ 
LAVER DELAY • 4 C1938 HAHOSEC 



LAYER C23 THICKNESS ■ 10 MICRON 
MAUELENCTHS IN LAYER • 192300 

AT NOMINAL FREQUENCY » 90 MHZ 
LAYER DELAY - 7 69231 NANOSEC 



OUT/IH AMPLITUX • *94230 
RMS EHCROV LEUa • *39193 
PEAK FREOUEHCY • 49 MKZ 
SPECTRM. SKEWING • -2 H 



OUT/IN AMSLiTUOe » .*77442 
RMS ENERGY LEVEL • .47*912 
PEAK FREBUENCY ■ 4* MHZ 
SPECTRA. SKEWING - >4 R 



OUT/IN AMPLITUDE « .93392 
RMS ENERGY LEVEL • ,3*431* 
PEAK FREOVENCY ■> 49 MHZ 
SPECTRAL SKEWING • -2 R 



(f) 


Figure 7 


Continued. 


C13 PST TPiESOCUEntHT) CS3 tPOKT <»OMO) C33 PtiSfO OUWITS <(M'TER) 


mvE* K3 THJCKHCSE • H MJCROM 
MPytUCHCTM* JH l,«¥£R ■ 2MS31 

mt NOMJW^L p«o«hcy • » phz 
EAYER ntW*Y • it nn HAHOSIC 


OUT/IH WLJTU5* ■ .ta«3i 
Wt$ EHCRCY i£va ■ 35 m 3 
PEAK PREdOlHCY • 9* PKZ 
tPECTRM. tKIUiHC • » i( 



LAYER tS3 THICKNESS ■ 28 MICRON 
HAliCLENGTHS IN LAVER • .38<«15 
AT NOMINAL PREOUEHCY » S8 MHZ 
LAYER OCLAY ■ IS 3«4S IMNOSEC 



Oirr/IN AMPLITODG «■ ,73>«74 
RMS ENERCY LEVEL > .991311 
PEAK PREOgSNCY - 9t MriZ 
SPECTRAL tKEUlHC • IS K 



LAVER C23 THICKNESS • 2$ MICRON 
WWaEMCTHS IN LAVER ■ 5 
AT MOniHAL FREOUENCY ■ 58 MHZ 
LAYER DELAY ■ 2B NAHOSEC 


OUT/JN AMPLITUOe » .8688?, 6 
RMS ENERCY LEVEL - .SS838S 
PEAK FREOOENCY • 98 MHZ 
SPECTRAL SKEWING ■ 6 H 




Figure 7 


Continued. 


1 


CIS PJT (IflEZOeUMCHT) CM O»0KY <K)HO) CM ruSCIJ OWKITZ 


I- i' - 


tOVCT CM THJCWCS* ■ 9* MICRON 
(wacHCTHS iM u»yiR • ariMj 
flt HOMiHAu n«oye»icv • o* mkt 

LAm OCLAY > M $7t9 IMNOSCC 


OWT/JH AMPtlTOOe • «m 
Rt« CNCRCY UUa • Ml 749 
«WK RWeotHCV » 4J f«Z 
IRCCTNAi, IKCUIHC ■ K 


u 

In 

1.9 

u 


-1 

-1.9 


COMPOSITE IICHAI. 




i S ils li« til 

IMMtWXONOS 



i.AVER CM THICKNESS ■ 34 MICRON 
Hi¥JeuENCTHS IN UAV£R - .S93846 
AT NOMINAL FRCQUENCV « SO MHZ 
LAYER OCLAY > 26 1938 NANOSEC 


OOT.'JN AMPLITUt* • .648373 
RMS ENERGY LEua - .4*737 
PEAK PRfOyENCV - 4* MH2 
SPECTRAL IKEHIHC •-*«!{ 




LAYER C23 THICKNESS • 38 MICRON 
HAyaENOTHS IN LAYER ■ .730763 
AT HOniHAL FREOUENCY » SO MHZ 
LAYER delay • 23.2308 NANOSEC 


OUT/IH AMPLITUDE - .6384M 
RMS ENERGY LEUa • .491203 
PEAK FREOUENCY ■ 37 MHZ 
SPECTRAL SKEHIHC « -26 !< 


U 

2 

1 S^ 
i 

.9 


-I 

- 1,9 


«m»’ITE SIGNAL 






S T33 iST 

NANOaCCOND* 


n. 



0 ) 


Figure 7, - Concluded. 




THIH UVSR CHCROy TRflHS^fS AM) IHTMrBRCNCf .^ffeCTS AT SI MHZ 


mrCRiAC SYSTEM 

DCHSITY 

UELOCITY 

IMAEOAHCC 

SEQUENCE 

<CYCn’) 

(CHYUS) 

(CYCM*(«> 


7 6 

12 

,3S3 

21 

3 M2 
2 32 

C33 FUSCO OU=«TZ (SUFFER) 

2 2 

593 

1 309 


THIN UftVBA C23 ATTEHUATION COCfTJCUHT • ZS HA/CH (AT 31 Hg> 


COHAOSITE iicm. im CHOWT <$0U0 CUAVWI E ATTEHUATIOH (OOTTM 0*\«) 



LAVn THICXHEIS. niCIKMl 



U) 


CI3 Azr (PIEZOCUnEMT) K3 U-EPPXy <»ONO> CJ3 FlrtEO OUARTZ (lUFfER) 


LAYER CZ3 THICXHETS m 0 HtCROH 
HAUEUEHCTHS IN LAYER « 6 
AT HOOIHAL FREOWEHCy • M HHZ 
LAYER DELAY • I NAWOEEC 



(b) 


outyin AHALmee ■ i ssztz 

RHS ENERGY UUa • I 
PEAK PREOOENCY «• 51 HHZ 
spectral 8KEU1NG • 0 R 



LAYER C23 thickness ■ 2 MICRON 
MAUELEHCTHS in layer '» .047619 
AT HOMIHAL FREOUENCY « SO MHZ 
LAYER DELAY ■ (.90476 HAHOSEC 



OOTYiN AHPi.ITUOE ■ I 39315 
RMS ENERGY LEOEL - I, (HO 1 3 
PEAK FREOUENCY ■ SO HHZ 
BPECTRAL SKEUIHG - I R 



Figure 8, - Variation of composite signal and Its fre- 
quency spectrum as bond layer thickness between PZT 
piezoelement and quartz buffer increases from 0 to 
30 micron. Illustration of case where layer Imped- 
ance Is Intermediate between that of contiguous 
materials , 


C13 PZT <PJE20eLEMEHT) C23 H-EPOXV <pOHO) CJ3 FUSED QUAUTZ (BUFFER) 


LAYER C23 THICKNESS • IB HICROH 
muelehcths in layer • .aness 

AT NOniHAL FR£DUEW:Y • SB HHZ 
LAYER DELAY ■ 9 S23(lt HANOSK: 



LAYER C23 THICKNESS - 20 MICRON 
HAUELEHCTHS in layer - .47*19 
AT HOfllHAL FREOUENCY ■ S0 MHZ 
LAYER DELAY ■ 19.0476 HAWOSEC 


OUT/IH AMPLITL'Ofi - I 43619 
RMS ENCRCY LCUa ■ I 62565 
PEAK FREQUENCY ■ 56 HKZ 
SPECTRAL IKEUINC > 6 K 



OUT'iN AMPLITUDE « 1,35321 
Rns ENERGY LEUEL - .963669 
PEAK FREQUENCY ■ !» I*C 
SPECTRAL SKEHIHG ■ 6 »: 



LAYE1 C23 THICKICSS - 30 MICRON 
WAUELENCTHS IN LAYER - .714286 
AT NOfllHAL FREOUENCY - 50 HH7 
.AYER DELAY • 28 3714 NANOSEC 



(e) 


OUT/IN AMPLITUDE » 1.33262 
RMS EICRCY LEUEL - .939887 
PEAK FREQUENCY ■ 50 MHZ 
8PECTRAL SKEWING ■ B K 



lE-9 US 


(f) 



Ffgure 8. - Concluded. 


THIN U«YW EHCKCV TROH&FER AND iNTMftRtHCl. IFRECIS HT S« nni 


flATtRIAi. SYSTEfI OENSITV UCUOCJTT IfTIDAMCE 

TE0U:NCE tC.CH'*) (CH'Ut) (G'CfAtSi 

C13 H-o*oxv <(wsoweR> n *i *_?• 

C23 EROXY <B0H0> I 2Z M 

C33 RZT (RIEZOCUWNT) 7 6 IM 3 iM 

THtN mvtR m RTTtHwTioH coefRiciEHT ■ w nr-i:h <AT M WHZ) 
corrostTE siCHM. ims chcrcy (tot. to curucd t rtt0«jrtiok (dotted c»r(C> 



UVBR TWIOO«t»i mCRCMf 



(a) 


C13 H-EPOXY (AOSORBER) C23 EPOXY (BOND? E33 PZT (PIEZOELEHENT) 


LAYER C23 THICKNESS - 8 MJCRON 
HAOaENCTHS IN LAYER • 0 
AT HOfllNAL FREOyCNCY • S« MHZ 
LAYER DELAY ■ 0 NANOSEC 



LAYER C23 THICKNESS • 2 MICRON 
UAOEUNCTHS IN Layer • ,B30461S 
AT NOMINAL FREQUENCY • 50 MHZ 
LAYER DELAY - 1 53846 NAHOSEC 


OUT/-IN A«*LlTUOe - .669729 
RMS ENERGY LCUa ■ I 
PEAK frequency » 50 r*tz 
SPECTRAL SKCUINC - 0 X 



OUT^IN amplitude ■ .642242 
RMS ENERGY LEUEL • 737171 
PEAK FREQUENCY « 4? MHZ 
SPF.CTRAL 8KEUING - -2 X 




(c) 

Figure 9, - Degeneration of composite signal and its fre- 
quency spectrum as bond layer thickness between tungsten- 
epoxy absorber and PZT piezoelemant increases from 0 to 
26 micron. Illustration of case where layer impedance 
is less than that of either contiguous material. 


i?g»QJNAL PAGE IS 
m POOR QUAUTY 


Cl 3 H-EPOXY <AeSO«BER> C23 EPOXY <BOHO) C33 PZT « PIKOEUHENT ) 


LPYER C23 THICKNESS « 4 MICRON 
H<W£LENCTNS IN UYER ■ «7e923l 
AT NOMIHW. FREOLCNCY - M MHZ 
LAYER DELAY ■ 3 B7S92 HANOSCC 



LAYER C23 THICKNESS - 6 MICRON 
UA*^EHCTHS IN LAYER • .119385 
AT NOMINAL FREQUENCY • 90 MHZ 
LAYER delay ■ 4,61936 NANOSEC 


OUT/IN amplitude “ 446361 
RMS E«RCY LEUEL - .494743 
PEAK FREQUENCY - 69 MHZ 
SPECTRAL SKCUINC « -2 X 



OUT/IN AMPLITUDE - .31SIBI 
RMS ENERGY LEUEL ■ .396727 
PEAK FREQUENCY • 67 MHZ 
SPECTRAL SKEUIHC ■ -6 7. 



LAYER C23 THICKNESS - 10 MICRON 
UAUELENCTHS IN LAYER ■ 192300 

AT NOMINAL FREQUENCY • 90 MHZ 
LAYER DELAY - 7 69231 NAHOSEC 



DUT7IN amplitude ■ .239929 
RMS Et«RGY LEUEL • .299672 
PEAK FREQUENCY • 40 MHZ 
SPECTRAL SKEW 1 KG • -A H 


12 


.0 

.6H 

0 

.4 


COMPOSITE SIGNAL 


; ■^\/\/ 


0 ~4S 5i is 160 

MW4O0CCOIC0 



(f) 


Figure 9. - Continued. 


C13 H-CPOXY <«SOfifiER> C23 EPOXV (*OND> C33 P2T <PIE20Q-E«KT> 


LrtYER C23 THICKNESS - U MICRON 
WBUELEHSTHS IN UVER « 20231 
AT HOMIHRL FREOUEHCV • 5C HH2 
UITER OtLRY ■ !• «J2 HRHOSEC 


CWT^IN flMPLITUOC ■ .23*42 
RMS ENCRCy UVXL ■ .2M41S 
PERK rRECWENCY ■ 4» MH2 
•PECTRM. IKEHIHC > >2 K 


l.S T 


COtrOSlTE SICHW. 


: — 


Si iS 2^0 

HRNoaecoNos 



LRYER C23 THICKNESS ■« 20 MICRON 
UOOELENCTHS IN LRYER » .304613 
AT NOMINAL FREOJENCY ■ 30 MH2 
LAYER DELAY ■ 13.3046 NANOSEC 



LAYER C23 THICKNESS - 26 MICRON 
UAUELENCTHS IN LAYER - .3 
AT NOMINAL FREQUENCY • 30 MH2 
LA1ER DELAY • 20 HAnOSEC 



OUT./IN AMPLITUDE ■ ,373097 
RMS ENERGY LEUEL « .443712 
PEAK FREQUENCY - 61 MH2 
SPECTRAL SKCUING ■ 22 » 



OUT-'IN AW>LITUOE « .433281 
RMS ENERGY LEUEL ■ .37284 
PEAK FREQUENCY ■ SO MH2 
SPECTRAL SKEUINC -OK 



(i) 

- Concluded. 





THIN LOVER ENERGY TRONSfER «HO INTERFERENCE EFFECTS AT 5« HH2 


HATERIAL SYSTEH OCNSITV MELOCITY INREOANCE 

SEQUENCE <C-XH’> (CH/US> <d/C«*U8> 

C13 U-EROXY (AESORBCR) U .21 2 31 

C23 N-EPOXY (BONO) 12 .21 2 M 

C33 RET <RIE20EL£nEH1 ) R.« .3S5 3. SEE 

THIN LAYER C23 ATTENUATION COEFFICIENT ■ 23 HR^ <AT Si MH2> 


COrrOSITE SIGNAL RNS ENERGY (SOLID CUNUCS) «. ATTENUATION (DOTTED CURIC)' 




E13 U-EP;)XY (ABSORBER) E23 W-EPOXY (iONO) E33 R2T ( PIEroaENEHT ) 


LAYER C23 THICKNESS ■ B MICRON 
HAUELENCTHS IN LAYER ■ A 
AT NOMINAL FREOOENCY - 30 MHZ 
LAVER DELAY ■ 0 NAHOSEC 


j 2^ COMPOSITE SIGNAL 



LAYER E23 THICKNESS ■ 2 MICRON 
MAUELEHCTHS IN LAVER - 047619 
AT NOMINAL FREOUEHCY - 30 MHZ 
layer delay ■ 1.90476 i«NOSEC 



OUT/IN AMPLITUDE ■ , 969729 
RMS ENERGY LEUEL = 1 
PEAK FREOUEHCY • 30 MHZ 
SPECTRAL SKEWING ■ • X 



OUTz-IN AMPLITUDE ■ .06606 
RMS ENERGY LEUEL - .993744 
PEAK FREOUEHCY » 50 MHZ 
SPECTRAL SKEWING ■OX 



Figure 10. - Variation of composite signal and its fre- 
quency spectrum as bond layer thickness between tungsten- 
epoxy absorber and PZT piezoelement increases from 0 to 
30 micron. Illustration of case where layer impedance 
is intermediate between that of contiguous materials. 
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LAYER C23 THICKNESS ■ tt MICRON OOT/IN AfTUTUOC • t333»0 

UA^ENCTHS IN LAYER • 23R8JS RMS E«RCY LEUCL ■ »«#»» 

AT nominal FRECOENCY • 90 MHZ PEAK PWOLICNCY ■ 90 MHZ 

LAYER DELAY » 9 9Z301 NANOSEC SPECTRAL IKEHINC -OX 
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LAYER C23 THICKNESS - 20 MICRON OUTYIN AMPLITUDE ■ .029767 

UAUELENCTHS IN LAYER • .47619 RMS ENERGY LEUEL > .992996 

AT NOMINAL FREQUENCY « SO MHZ PEAK FREOUENCY ■ 90 MHZ 

LAYER delay ■ 19 0476 NANOSEC SPECTRAL SKEUINC 'OX 
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LAYER C23 THICKNESS - 50 MICRON OUT/IH AMPLITUDE ■ ,010101 

UAUELENCTHS IN LAYER • .714286 RMS ENEAGY LEUEL " .932112 

AT nominal FREOUENCY ■ 90 MHZ PEAK FREQUENCY • 90 MHZ 

LAYER DELAY - 28 9714 NANOSEC SPECTRAL SKEUINC • 0 X 
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Figure 10. - Concluded. 
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Figure 12. - Waveforms and frequency spectra associated 
with acceptable and unacceptable signals. Waveform 
series was generated by increasing electrical imped- 
ance mismatch of cable and transducer via the auxiliary 
damping resistor shown in Fig. 11. Auxiliary damping 
resistance increases from top to bottom, 2 to 50 Ohm, 
approximately. 



